Psychopsidae (silky winged lacewings) are a small family of Neuroptera characterised by broad hirsute wings that impart a physical resemblance to moths. The fossil record includes many psychopsid-like taxa from the Late Triassic to Early Oligocene from all major continents. Extant species have a disjunct, tripartite distribution comprising Afrotropical, south-east Asian and Australian regions that is significant to historical biogeography. Two subfamilies are currently recognized: Zygophlebiinae in the Afrotropics, and Psychopsinae in Australia and south-east Asia. This study explores phylogeny and historical biogeography of Psychopsidae, using data from biogeography, comparative morphology and molecular sequences (16S, 18S, CAD, COI). Our results show that (1) the morphological phylogeny is incongruent with molecular data, (2) Afrotropical Silveira Navás, represent a separate lineage that warrants placement in its own subfamily, (3) the family originated in Pangea, and (4) the present genus level distribution resulted from two vicariance events associated with Gondwanan fragmentation.
Introduction
Psychopsidae Handlirsch (Neuroptera) are a small family of lacewings, comprising about 26 extant species in five genera worldwide (Oswald, 1993) . Members are characterized by broad moth-like wings with a parallel triplet-vein formation comprising the subcostal, radial and radial sector veins collectively known as the vena triplica. Extant species manifest a disjunct, tripartite distribution between the Afrotropical, Australian and south-east Asian regions. The Afrotropical fauna ( Figs 1A, B , C, D, G, H) comprises three genera: Cabralis Navás; Silveira Navás and Zygophlebius Navás in Zygophlebiinae Navás, while Australian and south-east Asian fauna have only one genus each: Psychopsis Newman in Australia and Balmes Navás in south-east Asia, both in Psychopsinae Handlirsch. Larvae have been found in leaf debris surrounding trees, and two Australian species are known to live under bark of myrtaceous trees, preying on Microlepidoptera (Tillyard, 1919b; Tjeder, 1960) . Adult females have a specialized oviposition strategy that involves grinding a substrate of sand or plant material with the toothed side of the gonocoxite stylus. The substrate is then transferred to the abdominal chamber and used to coat eggs, probably for camouflage and minimizing desiccation. Eggs are laid singly during flight (Tjeder, 1960; New, 1988; Oswald, 1993) . Tjeder, 1960 (Photo: Peter Duelli) . D) Zygophlebius leoninus Navás, 1910 (Photo: Wynand Uys Peng et al. 2016) are extinct families that share the closest relationship with extant Psychopsidae (Fig. 2 and Andersen, 2001) . Makarkin (2010) placed these within Psychopsoidea Handlirsch which, in turn, is sister to Myrmeleontiformia (Withycombe, 1925; Mansell, 1992; Haring & Aspöck, 2004; Grimaldi & Engel, 2005; Beutel & Pohl, 2006; Badano et al., 2016) . Psychopsidae (s. str.) comprise fossil Triassopsychopsinae Tillyard along with extant taxa, and are considered a distinct lineage of Psychopsoidea united by a broad costal space (Makarkin, 1997; Andersen, 2001; Lambkin, 2014) . Within Psychopsidae (s. str.), extant lineages have an abruptly closing vena triplica distally, while extinct Baisopsychops Makarkin and Triassopsychops Tillyard (Triassopsychopsinae) have this termination gradually tapering (Fig. 2 ). This supports division between all extant subfamilies, and extinct Triassopsychopsinae (Tillyard, 1922b; Makarkin, 1997; Andersen, 2001) . Fossil Propsychopsis Krüger are an exception with a tapering vena triplica similar to Triassopsychops, but with similar adult characters to extant Balmes (MacLeod, 1970) , and similar larval characters to extant Psychopsis (Tillyard, 1919a; MacLeod, 1970) . These similarities place Propsychopsis near Balmes in Psychopsinae (Andersen, 2001) .
Psychopsidae have previously been considered close related to, or the sister family of Nemopteridae Burmeister based on assessments of adult and larval morphology (Withycombe 1925; Aspöck et al. 2001) . Recent studies however, which focused holistically on Neuropterida using molecular and morphological characters, have shown that Psychopsidae are closer to Nymphidae Rambur, placing Psychopsidae as sister to all other Myrmeleontiformia (Winterton et al., 2010; Wang et al., 2016) . Extant species are divided into Zygophlebiinae and Psychopsinae based on a cladistic analysis of 60 morphological characters (Oswald, 1993) . Psychopsinae comprise Australian and south-east Asian genera that appear closely related despite geographic distance (New, 1988; Oswald, 1993) .
Zygophlebiinae comprise all Afrotropical genera, with Cabralis and Zygophlebius closely related, and Silveira more pleisiomorphic and distinct (Oswald, 1993) .
Historical biogeography of extant Psychopsidae was investigated by Oswald (1993) in an area cladogram test (Nelson & Platnick, 1981; Humphries & Parenti, 1986 ) that was formulated to account for Balmes in south-east Asia. This test found most support for an Australian dispersal route based on the close relationship between Balmes and Psychopsis, and indicated that Balmes underwent north-western dispersal from Australia along the Malay Archipelago to mainland Asia. The second most-supported hypothesis was Indian drift, postulating that Balmes arrived in south-east Asia via tectonic movement of India towards Andersen (2001) . Groups I-IV follow Andersen (2001) and represent relatedness to extant Psychopsidae (Group I-a). Synapomorphies explained in the text are shown uniting each clade with relevant literature cited. † indicates extinct taxa.
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Asia after Gondwanaland fragmented (Ali & Aitchison, 2008) . Oswald (1993) also considered hypotheses for Balmes as a Laurasian relic and an African disperser, but these were rejected due to the close relationship between Balmes and Psychopsis (Oswald, 1993) . This delimited Psychopsidae historical biogeography under two competing hypotheses.
Uncertainty remains however, due to the limitation of not including timing data in the areacladogram test (Oswald, 1993) .
The aim of this study was to estimate phylogenetic relationships among extant Psychopsidae species and genera with reference to their historical biogeography. We tested the current taxonomy of the family using integrated morphological and molecular data.
Secondly, vicariance or dispersal at each phylogenetic node was tested using estimates of divergence time and ancestral area based on extant distribution patterns. Proposed explanations for each divergence were sought in correlates of paleogeography, historical climate and habitat change.
Material and methods

Sampling and taxon selection
Taxa used in this study are listed alongside voucher and GenBank accession numbers in Supplementary Table S1 . Twenty-three Psychopsidae specimens were collected either by hand-netting or at mercury vapour light traps, preserved in absolute ethanol and placed into -20ºC storage. Sequences for Psychopsis margarita Tillyard were obtained from Genbank.
The sample-set represents all extant genera and all major biogeographic regions of Psychopsidae. Afrotropical species were sampled extensively although fresh material of Zygophlebius zebra (Brauer) was not collected. Australian and south-east Asian faunas were represented by two species from each genus. Nine outgroup taxa were selected based on the phylogeny of Winterton et al. (2010) according to sister clade sampling (Hillis, 1998 (Mansell & Kenyon, 2002) as voucher numbers (Table S1 ).
Morphological characters
Ninety-eight morphological characters describing adult morphology of males and females were scored for phylogenetic analyses (Table S2 ). These characters include Oswald's (1993) dataset, although several were refined to improve states specific to Afrotropical taxa.
New characters specific to Afrotropical species were added. All morphological characters were treated as unordered, with gap or unknown characters coded as "-" or "?" respectively.
DNA extraction, sequencing and alignment
Four genes were selected for sequencing to represent a range of mutational rate changes over time, maximizing phylogenetically informative data, and testing whether gene trees reflect the species tree by congruence (Doyle, 1992; Maddison, 1997; Nichols, 2001 New sequences were submitted to GenBank (Table S1 ).
Alignments of edited sequences were estimated for each gene region based on primary structure (nucleotide bases) using MAFFT online (Katoh et al., 2005; Katoh & Toh, 2008) .
The online tool was instructed to employ the 'Auto' strategy for alignment, inspect direction of nucleotide sequences and adjust according to the first sequence. Subsequently, the aligned sequences were inspected visually.
Phylogenetic analyses
A 50% reciprocal bootstrap test (Mason-Gamer & Kellogg, 1996; Reeb et al., 2004) of the four gene partitions was conducted in PAUP*4.0b10 (Swofford, 2003) under maximum parsimony. This tested whether the four genetic datasets (16S, 18S, COI, CAD) showed congruence and could be combined. Neighbour network trees for ingroup taxa were constructed in SplitsTree v4.14.3 (Huson & Bryant, 2006) to test the same assumption.
Analyses were performed on the morphological and concatenated-molecular datasets separately, with trees inspected for congruence. Thereafter, combined molecular and morphological analyses were performed. Morphological, concatenated-molecular, and combined morphology/molecular datasets were analyzed under maximum parsimony in PAUP*4.0b10 (Swofford, 2003) . The concatenated-molecular dataset and combined morphology/molecular dataset were analyzed under maximum likelihood in RAxML-HPC v8.1.20 (Stamatakis, 2014) , and under Bayesian inference in MrBayes v3.2.5 (Ronquist & Huelsenbeck, 2003) . Appropriate models for base pair substitution rates were estimated in jModel Test v2.1.6 (Posada, 2008) under the Akaike information criterion (Table S4 ).
Parsimony analyses employed heuristic tree search. All characters were equally weighted and unordered, uninformative characters excluded. A starting tree was obtained with the tree-bisection-reconnection (TBR) branch swapping algorithm using 10 replicates of random stepwise addition of sequences. Initial 'maxtrees' was set to 200 with automatic increase by 100. Bootstrap support values (Felsenstein, 1985) were calculated from heuristic search using TBR branch swapping pseudoreplicated in 1000 resampled datasets with simple addition of 10 sequences. Maximum likelihood analyses employed separate nucleotide substitution models for each partition with empirical base frequencies for each model estimated in RAxML-HPC. An unordered MK model for multistate characters was applied to the morphological partition. Bootstrap support was based on 1000 pseudoreplicates and was followed by thorough maximum likelihood search. Analysis was repeated five times, using different starting seeds to sample tree space effectively. Analyses used the rapid hill climbing algorithm (Stamatakis et al., 2007) . Bayesian inference was done using nucleotide substitution models selected by jModel Test for each gene (Table S4 ). Parameters for each partition were unlinked to obtain separate estimates, with rate prior set as variable from a flat Dirichlet distribution. Analysis was run by two Monte-Carlo-Markov-Chains (MC 2 ) simultaneously for 30 million iterations sampling every 200 th iteration, resulting in 150 000
trees. The first 37 500 (25%) trees from each MC 2 run were discarded as burn-in. Analysis was repeated, and all four runs were combined to produce a majority rule consensus tree with posterior probabilities at each node. Tracer v1.6 (Drummond & Rambaut, 2007 ) was used to assess convergence and sampling efficiency between runs. All ESS values were greater than 200 indicating effective sampling (Drummond et al., 2006) .
Divergence time estimates
Divergence times were estimated in BEAST v2.1.2 (Bouckaert et al., 2014) using the concatenated-molecular dataset. A relaxed molecular clock was modelled under an uncorrelated lognormal model with the Yule speciation process applied. Yule speciation assumes a pure birth process, but with branch length distribution similar to birth-death processes, and an equivalent net birth rate. Separate substitution models were used for each partition (Table S4 ) with model and clock parameters unlinked across all partitions.
Analyses were set to 300 million iterations, with every 1000 th iteration sampled. A starting tree was generated from random seed. Analysis was run four times to ensure effective sampling. The first 75 000 (25%) trees from each run were discarded as burn-in. Apart from node age constraints, default settings were used for all priors. LogCombiner v2.1.2 (Bouckaert et al., 2014) 
Ancestral areas
Ancestral area probabilities were estimated in RASP v3.2 (Yu et al., 2015) to test whether vicariance or dispersal was dominant, and which ancestral area per node was most likely.
Evolutionary events were inferred as either dispersal, vicariance, extinction or standard speciation; the last serves as a null hypothesis that makes cladogenesis clock like (Kuhner & Felsenstein, 1994) . A dataset of 15 000 trees obtained from BEAST was used, and was pruned to exclude duplicate representatives and distantly related outgroup taxa to minimize unequal taxon bias. However, Notiobiella Banks (Hemerobiidae) and Apochrysa Schneider (Chrysopidae) were kept to provide deep resolution. The dataset was analyzed under two models of ancestral area estimation: S-DIVA (Yu et al., 2010) and BayArea (Landis et al., 2013) . Parameters for each analysis are presented in Table S5 . 
Results
Phylogenetic analyses
Morphological characters (90 parsimony informative) analyzed under parsimony yielded 156 equally most parsimonious trees (length = 160 steps, consistency index (CI) = 0.8125, retention index (RI) = 0.9506). The strict consensus tree of bootstrap support greater than 50% is presented in Supplementary Fig. S1A . The three Afrotropical genera, Cabralis, Zygophlebius and Silveira, were monophyletic (bootstrap support = 87%), with Cabralis recovered as sister to Zygophlebius with limited support (68%). Cabralis comprised two species, C. gloriosus Navás (87%) sister to an undescribed species, 'Cns' (Oswald, 1993) (58%). Silveira was monophyletic (100%) with the following six synapomorphies: (1) Presence of three ocellar/cranial pulvinae (character 1), (2) Male sternite IX narrow or parallel-sided (character 29: Sequence data yielded a total of 3746 nucleotide base pair characters after alignment.
Model parameters and sequence information for each gene partition is summarized in Table   S4 . The 50% reciprocal bootstrap test and neighbour network trees for the four gene partitions showed congruence with major clades always present, confirming the assumption of phylogenetic congruence (Figs S1, S2: Supplementary material). Consequently, individual gene data were combined. Molecular data analyzed under parsimony yielded a single most parsimonious tree (length = 3193 steps, CI = 0.5011, RI = 0.6756). The strict 50% consensus tree is presented in Fig. S3B alongside the morphological tree, highlighting incongruence. Parsimony analysis of the combined morphology/molecular dataset yielded one most parsimonious tree (length = 3355 steps, CI = 0.5156, RI = 0.7055). Maximum likelihood analyses recovered a single best tree, congruent with parsimony and Bayesian trees of the combined morphology/molecular data. This indicates that adding information from morphology to molecular data did not alter phylogenetic relationships, but marginally increased parsimony support for monophyly of ((Balmes + Psychopsis) + (Cabralis + Zygophlebius)) (parsimony bootstrap = 84% from combined data versus 80% from molecular data alone, see Figs 3 and S3B). The Bayesian consensus tree with posterior probability and bootstrap support is shown in Fig. 3 . Bootstrap values of greater than 70%, and posterior probability values greater than 0.95, are considered strong support (Hillis & Bull, 1993; Rannala & Yang, 1996; Erixon et al., 2003) . Nodes were considered strongly supported when good support was received from at least two out of three analyses (Sheldon & Bledsoe, 1993; Miyamoto & Fitch, 1995) .
Combined morphological and molecular data analyzed under parsimony, maximum likelihood and Bayesian inference recovered the family as monophyletic (parsimony bootstrap = 100%, maximum likelihood bootstrap = 100%, Bayesian posterior probability = 1; Fig. 3 ). Zygophlebiinae s. lat. (Cabralis, Zygophlebius and Silveira), was recovered as paraphyletic. Cabralis + Zygophlebius were monophyletic (100%, 100%, 1), and Balmes + Psychopsis (i.e. Psychopsinae) were also monophyletic but with limited support (64%, 59%, 0.88). The node comprising ((Cabralis + Zygophlebius) + (Psychopsis + Balmes)) was recovered with good support (84%, 65%, 0.99). Silveira was recovered as monophyletic, sister to ((Cabralis + Zygophlebius) + (Psychopsis + Balmes)) (100%, 100%, 1). Within Silveira, S. jordani was monophyletic (100%, 100%, 1), sister to the rest of the genus.
Silveira occultus was monophyletic (100%, 100%, 1) and was sister to the monophyletic S. rufus + S. marshalli (71%, 100%, 0.99).
Divergence time estimates
The maximum clade credibility tree was congruent with parsimony, maximum likelihood and Bayesian trees from combined morphology/molecular and concatenated-molecular data. The divergence time estimates tree is shown in Fig. 4 
Ancestral areas
Ancestral areas are summarized in Fig frequency is low (46%). This indicates limited taxon sampling and highlights the need for increased sampling of these genera.
Discussion
Psychopsidae were supported as being monophyletic and sister to the rest of Myrmeleontiformia (Fig. 3) in line with previous studies (Withycombe, 1925; Oswald, 1993; Aspöck et al., 2001; Winterton et al., 2010; Badano et al., 2016; Wang et al. 2016 were based on similar synapomorphies as highlighted here (Fig. 3) .
The disjunct, tripartite distribution of extant Psychopsidae is significant to their historical biogeography, suggesting Gondwanan origin (Tillyard, 1919a) . However, the earliest fossil,
T. superbus, appears in the Carnian (220.7-227.4 Mya; Denmark Hill, Queensland, Australia) before Pangea fragmented (ca. 160 Mya) (Scotese, 2004; Schettino & Turco, 2009; Seton et al., 2012) . This study reveals that Psychopsidae diverged approximately 214 Mya (224.5-206.17 Mya; Fig. 4; corroborating Winterton et al., 2010) , pre-dating fragmentation of Pangea into Gondwanaland and Laurasia (ca. 180 Mya: Seton et al., 2012) .
This supports the contention that Psychopsidae were widespread during the Mesozoic and inhabited most of Pangea during their radiation (Oswald, 1993; Anderson, 2001) . Fossil
Baisopsychops from Laurasia in the Cretaceous corroborate this, but these form a lineage separate from extant taxa considering wing vein morphology (Andersen, 2001) . This Dispersal and vicariance seem prevalent at different stages of psychopsid historical biogeography. Dispersal was generally dominant before Gondwanan fragmentation, with vicariance prevalent during fragmentation, and a combination of these two processes evident later (Fig. 5 ). Divergence of Silveira occurred at 107 Mya (136.94-79.04 Mya; Fig. 4) within African parts of Gondwanan, probably by dispersal (Fig. 5 ). This pre-dates last faunal connectivity between Africa and Austro-India at about 90 Mya and conclusively excludes vicariance (Bossuyt et al., 2006 Fig. 4) in Gondwanan, concurring with last faunal connectivity between Africa and Australia, putatively indicating vicariance (Jokat, 2003; Scotese, 2004; Bossuyt et al., 2006; Seton et al., 2012) . Dispersal is possible however, because 95% HPD (maximum age at 106.35 Mya; Fig. 4 ) encompasses up to 16 My before last faunal connectivity was lost. Nonetheless, Gondwanan vicariance provides a reasonable explanation given the majority of estimates after this time.
Historical biogeography of Balmes can be narrowed to two possibilities (Oswald, 1993) .
Either dispersal from Australia along the Malay Archipelago, or vicariance with Indian drift after Austro-India fragmented. The former requires divergence time between Psychopsis and
Balmes correlating with Malay Archipelago formation (ca. 25 Mya: Scotese, 2004; Seton et al., 2012) , while the latter requires such correlation with Austro-India fragmentation instead (ca. 80 Mya: Scotese, 2004; Bossuyt et al., 2006; Ali & Aitchison, 2008; Seton et al., 2012) .
This divergence occurred at 79 Mya, Fig. 4) , which significantly pre-dates Asia, suggesting a close biogeographic connection (Wang et al., 2011) . India as a 'biotic ferry' has also been proposed for frogs and Eocene mammals (Bossuyt & Milinkovitch, 2001; Thewissen et al., 2010) .
Afrotropical Psychopsidae
An undescribed species of Cabralis (Cns) was confirmed as sister to C. gloriosus (Fig. 3) ,
corroborating Oswald (1993) . Cabralis gloriosus is restricted to Afromontane forests in the eastern Zimbabwean highlands, and Cns to Afromontane forests in the Soutpansberg mountains of South Africa. Allopatric speciation is hypothesized following fragmentation of Eocene forests. Divergence between C. gloriosus and Cns occurred 4 Mya (6.49-1.96 Mya; Fig. 4 ) in south-east Africa. Little support for either vicariance or dispersal was available (Fig.   5 ), although compelling evidence from disjunct distributions support vicariance. Climatically, this divergence closely post-dates decreasing global precipitation (Frakes, 1979) , and coincides with final stages of Afromontane forest fragmentation (Axelrod & Raven, 1978; White, 1981; Lovett, 1988; Burgoyne et al., 2005) . This would have split presumably widespread Cabralis progenitors between respective Afromontane refugia, resulting in allopatric speciation. Another case of sister species in Afromontane refugia from a similar period is found in bats of the east African mountains (Taylor et al., 2012) .
Regarding relationships among Silveira species, morphology and molecular data were incongruent. Morphology places S. jordani and S. rufus as closely related, alongside a monophyletic S. occultus + S. marshalli (Fig. S3A) (Oswald 1993 Fig. 4 ), both between south-west and south-east Africa. Timing coincides with climatic flux between arid and moist climates globally (Frakes, 1979) , initiated by the Paleocene-Eocene Thermal Maximum (PETM; Wing et al. 2005) . This stimulated forest expansion (Maley, 1996; Jacobs, 2004 ) and subsequently radiation of C 4 grasses characteristic of savannah and woodland habitats (Cerling et al., 1997; Jacobs, 2004; Mannetje, 2007) . Such evidence contends that during the Eocene, Afrotropical arid biomes gave way to forest expansion with the south-west coast remaining dry (Rayner et al., 1991; Tankard & Rogers, 1978 
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FIGURE S1. 50% bootstrap strict consensus trees recovered from parsimony analyses of individual gene datasets. 
*Specimens not contained in Palpares Relational database. 1,2,3 Sequences obtained from different studies for that taxon. 1 with different locality data 1 British Columbia, Canada. 
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